There is a potential for widespread occupational exposure to jet fuel among military and civilian personnel. Urinary metabolites of naphthalene have been suggested for use as short-term biomarkers of exposure to jet fuel (jet propulsion fuel 8 (JP8)). In this study, urinary biomarkers of JP8 were evaluated among US Air Force personnel. Personnel (n ¼ 24) were divided a priori into high, moderate, and low exposure groups. Pre-and post-shift urine samples were collected from each worker over three workdays and analyzed for metabolites of naphthalene (1-and 2-naphthol). Questionnaires and breathingzone naphthalene samples were collected from each worker during the same workdays. Linear mixed-effects models were used to evaluate the exposure data. Post-shift levels of 1-and 2-naphthol varied significantly by a priori exposure group (levels in high group4moderate group4low group), and breathing-zone naphthalene was a significant predictor of post-shift levels of 1-and 2-naphthol, indicating that for every unit increase in breathing-zone naphthalene, there was an increase in naphthol levels. These results indicate that post-shift levels of urinary 1-and 2-naphthol reflect JP8 exposure during the work-shift and may be useful surrogates of JP8 exposure. Among the high exposed workers, significant job-related predictors of post-shift levels of 1-and 2-naphthol included entering the fuel tank, repairing leaks, direct skin contact with JP8, and not wearing gloves during the work-shift. The jobrelated predictors of 1-and 2-naphthol emphasize the importance of reducing inhalation and dermal exposure through the use of personal protective equipment while working in an environment with JP8.
Introduction
Jet propulsion fuel 8 (JP8) is widely used by the militaries of the United States (US) and North Atlantic Treaty Organization member countries, while similar jet fuels are used by the commercial airline industry (Ritchie et al., 2003) . There is the potential for widespread occupational exposure to jet fuels, primarily through inhalation and dermal absorption, which is potentially toxic to the immune system, respiratory tract, and nervous system (NRC, 2003) .
Naphthalene, a polycyclic aromatic hydrocarbon, is found in JP8 mixtures in low levels (McDougal et al., 2000; Smith et al., 2010) , and is classified as Group 2B: ''possibly carcinogenic to humans'' (IARC, 2002) . Naphthalene, which has been used as a surrogate marker for JP8 exposure in previous studies (Egeghy et al., 2003; Serdar et al., 2003a Serdar et al., , 2004 Chao et al., 2005 Chao et al., , 2006 , has been shown to strongly correlate with overall JP8 inhalation exposure as measured by total hydrocarbons (Smith et al., 2010) and reflects the potential for JP8 exposure through inhalation and dermal absorption (Egeghy et al., 2003; Chao et al., 2005; Kim et al., 2006) .
Once absorbed, naphthalene is metabolized through cytochrome P450 oxygenases producing 1,2-naphthalene oxide, which can spontaneously rearrange to form 1-and 2-naphthol (1N and 2N) (ATSDR, 2005) . Urinary 1N and 2N have been used as biomarkers of total absorbed dose of JP8, reflecting both inhalation and dermal exposure (Serdar et al., 2004; Chao et al., 2006) and have been suggested as short-term biomarkers of JP8 exposure (Serdar et al., 2003a) .
The objectives of this repeated measures study were to characterize the absorbed dose of JP8 using 1N and 2N. Specifically, we aimed to: (1) describe pre-and post-shift levels of 1N and 2N during several consecutive workdays; (2) determine if 1N and 2N levels differ among our a priori assigned exposure groups; (3) assess the relationship between 1N and 2N with breathing-zone naphthalene levels and a dermal exposure surrogate; (4) identify other potential jobrelated predictors of 1N and 2N levels (e.g. job task, personal protective equipment, etc); and (5) calculate the half-lives of 1N and 2N.
Materials and Methods

Study Population
A total of 24 active duty personnel were recruited from a US Air Force Base, as described previously (Smith et al., 2010) . Briefly, three groups of workers were a priori assigned to low (n ¼ 6), moderate (n ¼ 9), and high (n ¼ 9) exposure groups. The high exposure group included aircraft fuel systems' maintenance workers, who worked primarily in the hangar performing maintenance activities on KC-135 Stratotanker refueler aircraft or in an office attached to the hangar (with some work in the hangar), and had routine direct contact with JP8. The moderate exposure group included personnel who worked in fuel storage, distribution, testing, and refueling maintenance, and had regular contact with JP8. The low exposure group included workers with office jobs (health clinic), who did not have regular contact with JP8.
Study Design
Exposure measurements were collected from the participants during three consecutive workdays (72 worker-days) while performing their normal duties. Each worker-day of sampling included collection of questionnaires, a pre-and post-shift urine sample, and a personal air sample. The protocol was approved by Army (US Army Research Institute of Environmental Medicine) and Air Force (Wright-Patterson Air Force Base) institutional review boards and written informed consent was obtained from all participants.
A baseline questionnaire and daily pre-and post-shift questionnaires were collected from all participants. The baseline questionnaire, collected before the work-shift on the first sampling day, was used to obtain information on demographic factors, work history, and tobacco use. Daily pre-and post-shift questionnaires were used to obtain information about tobacco use and chemical exposures before and during the work-shift, as well as personal protective equipment use during each work-shift. The postshift questionnaire also included a subset of questions that were specific to workers in the high exposure group (e.g. entering the aircraft's fuel tanks, approximate distance from the fuel tank, etc). Information about work tasks and personal protective equipment was recorded in a daily observation log.
During each of the three workdays, two spot urine samples were collected from each worker, one immediately before the work-shift and a second immediately following the workshift. The pre-and post-shift urine samples were collected in 90 ml polyethylene specimen containers, wrapped in foil, and shipped in coolers to the Organic Chemistry Analytical Laboratory at the Harvard School of Public Health (Boston, MA, USA), where the samples were stored at approximately À18 1C until analyzed.
The urine samples were extracted and analyzed for 1N and 2N by gas chromatography mass spectrometry (GC/MS) in selective ion monitoring (SIM) mode using a modification of a previously described method (Serdar et al., 2003b) . Briefly, urine samples were enzymatically deconjugated using b-glucuronidase (10 mg of Type H-1 b-glucuronidase per sample) and pH was adjusted to 5.5 using a 1 N (normal) sodium acetate buffer and 3 N hydrochloric acid when needed. The samples were incubated overnight at 37 1C, and then extracted twice with pentane (5 ml Â 2). The combined extracts were evaporated to dryness, and reconstituted with 190 ml of hexane and 10 ml of Tri-Sil TBT to convert hydroxyls to trimethylsilylated derivatives for analysis using GC/MS. Analysis using GC/MS in SIM mode was carried out using a Hewlett-Packard 6890 GC with temperature and pressure programming capabilities and a split/splitless injector. A capillary column was used (HP-5MS, 30 m, 250 mm diameter, 0.25 mm film thickness) (J&W Scientific, Folsom, CA, USA) under the following instrument conditions: injector at 250 1C, MS source at 230 1C, initial oven temperature at 75 1C, hold for 0.4 min, heat to 200 1C at 20.51/min, hold for 3.00 min, then to 230 1C at 181/min, hold for 5.5 min, then to 240 1C at 20.51/min, hold for 11.7 min. The column flow was constant at 1.0 ml/min. In addition, urinary creatinine levels were analyzed by Quest Diagnostics.
Personal air samples were collected and analyzed for naphthalene via GC/MS in SIM mode as described previously (Smith et al., 2010) . Briefly, air samples were collected from the breathing zone of each worker using an active sampling method during the entire duration of each work-shift in accordance with National Institute for Occupational Safety and Health (NIOSH) method 1501 . The air pumps were paused if the worker left the work area (e.g. cigarette break) or entered the fuel tank (since they wore respirators during entry).
Statistical Analyses
Urinary biomarker data were analyzed using descriptive statistics, scatter plots, correlation coefficients, and linear mixed-effects models. Reported values less than the limit of detection were used in all analyses. Rather than adjusting urinary 1N and 2N levels for creatinine (i.e. converting to microgram 1N per gram creatinine), urinary 1N and 2N levels were analyzed as mg/l urine while controlling for creatinine in the regression models (Barr et al., 2005) . Participants with outlying creatinine levels (o0.3 or 43.0 g/l) were considered for exclusion from the regression models (ACGIH, 2009) . However, the results were similar with and without exclusion, and thus all samples were included in the final models. One urine sample was not analyzed for creatinine (low exposure group, post-shift) due to insufficient sample volume. Urinary 1N and 2N exhibited a log-normal distribution and were natural log-transformed before analysis.
Breathing-zone naphthalene levels (unit ¼ mg/m 3 ) were adjusted using an 8-h time-weighted average (TWA). For tank entrants, the 8-h TWA accounted for in-tank exposures using a combination of in-tank naphthalene measurements and an assigned protection factor of 50 (NIOSH, 2004) for a full-face continuous-flow supplied-air respirator (Smith et al., 2010) . Three breathing-zone naphthalene samples were excluded from the analyses: two (from the high exposure group) that broke during laboratory processing and a third (from the moderate exposure group) that was excluded as an outlier (Smith et al., 2010) . All statistical analyses were conducted using SAS statistical software version 9.1.3 (SAS Institute, Cary, NC, USA) and statistical significance is reported at the 0.05 level.
Linear mixed-effects models were used to examine whether biomarker levels: (1) increased from pre-to postshift; (2) accumulated over the 3 study days (using pre-shift biomarker levels); (3) differed by a priori exposure group; or (4) were associated with breathing-zone naphthalene levels. A priori assigned exposure group was used to evaluate both pre-and post-shift 1N and 2N levels; however, in the analyses where breathing-zone naphthalene was used as the independent variable, the same-day shift breathing-zone levels were evaluated as predictors of post-shift 1N and 2N levels, whereas the preceding day's shift breathing-zone levels were evaluated as predictors of pre-shift 1N and 2N levels. Linear mixed-effects models were also used to estimate correlation coefficients (Hamlett et al., 2003; McClean et al., 2004) as well as the half-lives of 1N and 2N (Sobus et al., 2009) .
In addition to the pre-shift biomarker level (when appropriate) and creatinine level, all models controlled for current smoking status (yes/no) since naphthalene is present in tobacco smoke (IARC, 2002) . Alternative smoking variables were considered (i.e., number of cigarettes smoked during shift, number of cigarettes smoked before shift) and current smoking status generally provided the best fit. Interactions of current smoking status with exposure group and breathing-zone naphthalene were assessed.
A separate set of analyses were restricted to the high exposure group (fuel system maintenance workers) since some variables were only relevant to this group. Linear mixed-effects models were used to examine whether post-shift biomarker levels were associated with: (1) breathing-zone naphthalene levels and time in the fuel tank (a potential surrogate of dermal exposure); and (2) job-related factors (e.g. entering the fuel tank or repairing a leak). The pre-shift biomarker level, post-shift creatinine level, and smoking status (yes/no) were controlled for in all models.
Other potential independent variables derived from questionnaires that were related to 1N and 2N in univariate models (Pr0.1) were considered for inclusion. Variables considered among all participants included: self-reported JP8 exposure, personal characteristics (e.g. age, race, sex, body mass index, time in the active Air Force (years), seniority (high, moderate, low based on Air Force Specialty Codes), and exercise), diet-related variables (e.g. consumption of grilled foods or alcohol), health-related variables (e.g. illness in the past week), co-exposures to other chemicals (e.g. gasoline vapors), and personal protective equipment use (e.g. gloves). Among participants in the high exposure group, additional variables considered included: time spent in the hangar (hours), primary job (entrant, attendant, runner, or fireguard), job tasks performed (e.g. removed bolts from fuel tank door, repaired a leak), distance from the fuel tank during tank work (inside, o25 feet, and 425 feet), and reported direct skin contact with JP8. Variables were excluded from the final models when not statistically significant or when determined to be surrogates for other included variables. Correlation coefficients and scatter plots were used to evaluate continuous variables as surrogates for one another, while the degree of overlap among categorical variables was evaluated. For instance, all participants who reported removing bolts from the fuel tank door also reported removing the fuel tank door.
An example of the final model used to examine a priori exposure group as a predictor of post-shift biomarker levels can be described as follows:
where X ijkl represents the post-shift biomarker level (1N or 2N) of the ith participant on the jth day, and Y ijkl is the natural logarithm of measurement X ijkl . The b's are the fixed effects for the covariates, such that for the a priori exposure group variable (EXPGRP) k ¼ high, moderate, and low, for current smoking status (SMK) l ¼ yes or no, the pre-shift biomarker level (PREX) ¼ mg/l (1N or 2N), and the postshift creatinine level (CREATININE) ¼ g/l. A compound symmetric covariance structure was used to fit the models and generally yielded the lowest Akaike Information Criterion (AIC) value. Models for the mean were compared using AIC values obtained through maximum-likelihood estimation and the final models were fit using restricted maximum-likelihood estimation. Estimates of the explained variation for the regression models were obtained using the between-and within-worker variance estimates (s Table 1 presents population characteristics by exposure group. The study population consists primarily of nonsmoking white males. Table 2 presents summary statistics for pre-and post-shift 1N and 2N by exposure group. The geometric mean concentrations of both biomarkers in both pre-and post-shift samples decreased from the high to low exposure groups. The percent of detected measurements in pre-and post-shift samples was high, except for 1N among the low exposure group. Using mixed models, the differences in 1N and 2N levels from pre-to post-shift were estimated separately for each exposure group while controlling for smoking status and creatinine level. Post-shift 1N levels were significantly higher than pre-shift levels in the high (b (SE) ¼ 0.75 (0.24), P ¼ 0.002) (exponentiated parameter estimate of 0.75 ¼ 2.1 times higher post-shift), moderate (b (SE) ¼ 0.47 (0.14), P ¼ 0.0009), and low (b (SE) ¼ 0.74 (0.31), P ¼ 0.02) exposure groups. Post-shift 2N levels were significantly higher than pre-shift levels in the high (b (SE) ¼ 0.65 (0.18), P ¼ 0.0002) and moderate (b (SE) ¼ 0.21 (0.11), P ¼ 0.05) exposure groups, but not the low exposure group (b (SE) ¼ 0.22 (0.27), P ¼ 0.4). Figure 1 presents a scatter plot of post-shift 1N and 2N by exposure group. The correlations were strong for the high (r ¼ 0.9) and moderate (r ¼ 0.9) exposure groups, and weak for the low exposure group (r ¼ 0.3). The correlation between pre-shift 1N and 2N overall was moderate (r ¼ 0.6), and was weak to moderate in the high (r ¼ 0.5), moderate (r ¼ 0.8), and low (r ¼ 0.4) exposure groups. Table 3 (model 1) presents parameter estimates and P-values for regression models assessing a priori assigned exposure group as a predictor of post-shift 1N and 2N while controlling for smoking status, pre-shift 1N or 2N level, and post-shift creatinine level. The results indicate that a priori exposure group was a significant predictor of postshift 1N and 2N, such that levels in the high exposure group were 5.2 and 2.9 times higher than the low group for 1N and 2N, respectively, while levels in the moderate group were 1.4 and 1.2 times higher than the low group for 1N and 2N, respectively. The model explained 69% and 71% of the total variation for 1N and 2N, respectively, with 83% and 92% of the between-worker variability explained for 1N and 2N, respectively, and 5% and 18% of the within-worker variability explained for 1N and 2N, respectively. Table 3 (model 2) presents parameter estimates and P-values for regression models assessing breathing-zone naphthalene as a predictor of post-shift 1N and 2N while controlling for the same covariates. The results indicate that breathing-zone naphthalene was a significant predictor of post-shift 1N and 2N, such that levels increased 2.0 and 1.6 times for 1N and 2N, respectively, with every 1 mg/m 3 increase in breathing-zone naphthalene level (approximately the median breathing-zone naphthalene level in the high exposure group). The model explained 62% and 64% of the total variation for 1N and 2N, respectively, with 76% and 88% of the between-worker variability explained for 1N and 2N, respectively, and 2% and 6% of the within-worker variability explained for 1N and 2N, respectively. Table 4 (model 1) presents parameter estimates and P-values for regression models assessing a priori assigned exposure group as a predictor of pre-shift 1N and 2N while controlling for smoking status and pre-shift creatinine level. The results indicate that a priori exposure group was a significant predictor of pre-shift 1N, but not 2N, such that levels in the high exposure group were 5.9 and 1.6 times higher than the low group for 1N and 2N, respectively, while levels in the moderate group were 2.2 and 1.3 times higher than the low group for 1N and 2N, respectively. The model explained 56% and 53% of the total variation for 1N and 2N, respectively, with 69% and 49% of the between-worker variability explained for 1N and 2N, respectively, and 35% and 55% of the within-worker variability explained for 1N and 2N, respectively. Table 4 (model 2) presents parameter estimates and P-values for regression models assessing breathing-zone naphthalene from the previous day as a predictor of preshift 1N and 2N while controlling for the same covariates. Only pre-shift 1N and 2N samples from days 2 and 3 were included in these models as breathing-zone naphthalene levels were not collected before day 1. The results indicate that breathing-zone naphthalene was a significant predictor of pre-shift 1N, but not 2N, such that levels increased 1.8 and 1.2 times for 1N and 2N, respectively, with every 1 mg/m 3 increase in breathing-zone naphthalene level. The model explained 36% and 45% of the total variation for 1N and 2N, respectively, with 46% and 47% of the between-worker variability explained for 1N and 2N, respectively, and 24% and 44% of the within-worker variability explained for 1N and 2N, respectively.
Results
Predictors of Urinary Biomarkers (all participants)
When controlling for current smoking status and pre-shift creatinine, we found a significant interaction between day of sample collection (days 1-3 as a continuous variable) and exposure group (high, moderate, and low) for pre-shift 1N (P ¼ 0.05). Further stratifying the model by exposure group, pre-shift 1N was found to increase by 1.2 times over each of the three study days in the high exposure group (parameter estimate (b) (SE) ¼ 0.17 (0.22)); P ¼ 0.4), and by 1.3 times in the moderate exposure group (b (SE) ¼ 0.27 (0.10); P ¼ 0.008). Pre-shift 1N decreased by 0.7 times over each of the three study days in the low exposure group (b (SE) ¼ À0.38 (0.20); P ¼ 0.06). Controlling for the same covariates, there was not a significant interaction between day of sample collection and exposure group for pre-shift 2N (P ¼ 1.0). Upon removing the interaction term and exposure group from the model, there was no evidence of accumulation of pre-shift 2N over the study days (b (SE) ¼ À0.009 (0.08); P ¼ 0.9).
Predictors of Urinary Biomarkers (High Exposure Group)
Breathing-zone naphthalene (mg/m 3 ) and time in the fuel tank (minutes) were assessed as predictors of post-shift 1N and 2N while controlling for smoking status, pre-shift 1N or 2N level, and post-shift creatinine level. In this analysis, restricted to the high exposure group, breathingzone naphthalene was a significant predictor of post- Table 5 presents parameter estimates and P-values for regression models assessing job-related factors (entrant (yes, no), repaired leak (yes, no), direct skin contact (any, none), wore gloves during shift (yes, no)) as predictors of post-shift 1N and 2N in the high exposure group while controlling for smoking status, pre-shift 1N or 2N level, and postshift creatinine level. Job activities including entering the fuel tank (entrant) and self-reported repairing a leak, selfreported direct skin contact with JP8, and self-reported wearing gloves during the shift were all significant or borderline significant predictors of post-shift 1N and 2N. Entering the fuel tank (entrant) resulted in a 3.0 and 2.7 times increase in 1N and 2N levels, respectively. Repairing a leak resulted in a 1.8 and 1.9 times increase in 1N and 2N levels, respectively. Direct skin contact resulted in a 1.7 and 3.0 times increase in 1N and 2N levels, respectively. Wearing gloves during the shift resulted in a 49% decrease in 1N levels and an 84% decrease in 2N levels compared with those who did not report wearing gloves during the shift. The model explained 80% of the total variation for 1N and 67% for 2N.
Half-lives of Urinary Biomarkers
The estimated half-lives of 1N and 2N were calculated using post-shift 1N and 2N levels along with pre-shift levels from the following day, excluding the pre-shift samples on the first collection day and the post-shift samples on the third collection day. The covariates in the model included: time (hours: post-shift assigned value of 0 h and pre-shift the next day assigned hours since hour 0), a priori exposure group, current smoking status, and creatinine level. Half-lives of elimination were estimated as in Sobus et al. (2009) (95% CI: 22.2, 579.2 h) for 2N. To reduce the impact of exposures that could not be accounted for in the model, an additional analysis was conducted to estimate the elimination rate constants from a regression model that was restricted to 1N and 2N measurements that decreased with time from post-shift to pre-shift the next day (as in Egeghy et al. (2003) ). Using the elimination rate constants (1N: b (SE) ¼ À0.05103 (0.01130); 2N: b (SE) ¼ À0.04352 (0.007343)), the estimated half-life was 13.6 h (95% CI: 9.5 h, 24.0 h) for 1N and 15.9 h (95% CI: 12.0 h, 23.8 h) for 2N.
Discussion
Overall, we found that the a priori assigned exposure group and breathing-zone naphthalene were significant predictors of post-shift levels of both urinary biomarkers and that there may be accumulation of 1N over the work week. Job-related activities such as entering the fuel tank and wearing gloves during the work-shift were found to influence post-shift urinary biomarker levels among participants in the high exposure group.
Urinary Biomarker Concentrations
The 1N and 2N levels in our study were generally similar to or lower than those in previous studies. Chao et al. (2006) reported geometric mean pre-and post-shift 1N levels of 4200 ng/l (4.2 mg/l) and 28,000 ng/l (28 mg/l), respectively (and pre-and post-shift 2N levels of 4350 ng/l (4.4 mg/l) and 38,400 ng/l (38.4 mg/l), respectively) among fuel-cell maintenance workers, which should be equivalent to our high exposure group. Post-shift levels of the urinary biomarkers were lower in our study, while the pre-shift levels were similar. In another study, Serdar et al. (2003a) reported geometric mean pre-and post-shift 1N and 2N levels in similar high, moderate, and low exposure groups. Our preand post-shift levels in each exposure group were generally lower than or similar to levels reported by Serdar et al. (2003a) . The post-shift urinary biomarker levels in our high exposure group were expected to be lower than in previous studies (Serdar et al., 2003a; Chao et al., 2006) as measured air levels in our study were also lower (Smith et al., 2010) and relatedly due to a lack of exposure from handling firesuppressant foam among our participants. Fire-suppressant foam can become saturated with JP8 and would likely result in higher exposure levels compared to working on aircraft without foam (Carlton and Smith, 2000) . Jet fuel exposure is also expected to vary from base to base (Puhala et al., 1997) , resulting from variations in work activity and practices, as well as the fuel composition.
Pre-and post-shift levels in our moderate and low exposure groups were generally similar to the geometric mean levels of 1N and 2N measured in the US population as part of the National Health and Nutrition Examination Survey (NHANES, 2003 (NHANES, -2004 (CDC, 2009 ). However, pre-and post-shift levels in the high exposure group in our study were higher. Geometric mean 1N levels in NHANES 2003-2004 were reported as 2680 ng/l (2.68 mg/l) overall, 3020 ng/l (3.02 mg/l) for adults 20 years or older, and 3170 ng/l (3.17 mg/l) for males. Geometric mean 2N levels in NHANES 2003 NHANES -2004 were reported as 3180 ng/l (3.18 mg/l) overall, 3360 ng/l (3.36 mg/l) for adults 20 years or older, and 3520 ng/l (3.52 mg/l) for males. These results indicate that urinary levels of 1N and 2N are higher in our high exposure group than the general population (maximum levels exceeding the 95th percentiles from NHANES 2003 NHANES -2004 . However, levels in our moderate and low exposure groups were similar to the general population, indicating that working on an Air Force base in jobs without high levels of exposure to JP8 does not necessarily lead to increased 1N and 2N levels compared to the general population.
Post-Shift Urinary Biomarkers
After controlling for smoking status and creatinine level, post-shift 1N and 2N levels were generally higher at the end of the work-shift compared to before the start of the workshift, suggesting that exposures during the work day in all exposure groups led to increased urinary biomarker levels (not a significant increase in the low exposure group for 2N). Although participants in the low exposure group were not expected to have job-related exposure to jet fuel, the modest increases in this group could be due to low-level jet fuel exposure associated with working on an Air Force base or due to residual confounding by smoking. Post-shift 1N and 2N were strongly correlated in the high and moderate exposure groups, suggesting that the likely source of 1N and 2N was naphthalene and not another source such as the pesticide carbaryl (which does not metabolize to 2N) (Maroni et al., 2000; Meeker et al., 2007) .
In separate models, a priori assigned exposure group and breathing-zone naphthalene exposure were significant predictors of post-shift 1N and 2N, with the exposure group model explaining more of the total variability (although both models explained a high percentage of the between worker variability). This difference in explained variability may be due to the inability to account for dermal exposure (Smith et al., 2010) . Quantitative measures of dermal exposure were not available because of the low percent of detected samples.
Among participants in the high exposure group, breathingzone naphthalene exposure was a significant predictor of post-shift 1N, but not 2N. However, time spent in the fuel tank (a potential dermal exposure surrogate) was a significant predictor of both 1N and 2N, providing anecdotal evidence that dermal exposure may contribute to the urinary biomarker levels. Since time spent in the fuel tank (while wearing respirators) and not breathing-zone naphthalene was a significant predictor of 2N, dermal absorption may be a more influential route of exposure for 2N compared to inhalation. Although it is not clear that time in the fuel tank is a suitable surrogate for dermal exposure, this may be the case if the entrants had good compliance wearing their respirators and the respirators provided adequate protection against inhalation exposure (since during this time period the majority of their exposure would be dermal).
Job-related predictors of 1N and 2N among participants in the high exposure group included entering the fuel tank (status of entrant), repairing a leak, reported direct skin contact with JP8, and wearing gloves during the shift (found to be protective). These factors are likely surrogates for a combination of inhalation and dermal JP8 exposure. Those that entered the fuel tank had higher 1N and 2N levels compared with those that did not. The primary exposure to participants while they were inside of the fuel tank was likely dermal as they wore respiratory protection, which points to the importance of dermal exposure and thus the use of personal protective equipment. However, entrants likely spent time close to the entry hatch of the fuel tank before attaching their respirator, and thus had the potential for higher inhalation exposure as well. Participants that reported repairing a leak also had higher 1N and 2N levels compared with those that did not. Repairing a leak likely reflects both inhalation and dermal exposure as leaks were repaired both inside (with respirator) and outside (without respirator) of the fuel tank. Reported direct skin contact with JP8 resulted in higher 1N and 2N levels. Participants reporting direct skin contact likely also had a higher potential for inhalation exposure. Those participants that wore gloves during the shift had lower 1N and 2N levels, suggesting that wearing gloves reduces dermal exposure to JP8. While reported direct skin contact and wearing gloves during the shift were significant for 2N, they were only borderline significant for 1N, again suggesting that 2N levels may be more highly influenced by dermal exposure.
Although we found that both 1N and 2N are likely influenced by dermal JP8 exposure, our results suggest that 2N may be more highly influenced by exposure through dermal absorption. A previous study (Chao et al., 2006) found that dermal exposure was a significant predictor of urinary 2N levels, but not 1N levels, among fuel-cell maintenance workers (comparable to our high exposure group). Urinary 2N may be more highly influenced by dermal exposure due to differences in the metabolism of naphthalene in the skin (Chao et al., 2006) .
Pre-Shift Urinary Biomarkers
Pre-shift 1N and 2N increased across the low to high exposure groups (significant for 1N), suggesting that exposure from the previous day may influence biomarker levels the following day. Breathing-zone naphthalene exposure from the previous day was also associated with pre- shift 1N and 2N (significant for 1N) . However, more of the total variability in 1N and 2N levels was explained by the exposure group model compared to the previous day naphthalene exposure model, which may be due to the inability to account for dermal exposure.
The increase in pre-shift 1N and 2N levels from the low to high exposure groups as well as the influence of breathingzone naphthalene exposure from the previous day suggests that previous day exposure may contribute to the biomarker levels. Previous studies have reported the estimated half-life of 1N to be 4-14 h (Bieniek, 1994) , and of 1N and 2N combined to be 25.7 h (95% CI: 14.1, 116 h) (Sobus et al., 2009 ). We estimated half-lives of 24.6 h for 1N and 42.8 h for 2N, which may be overestimated owing to unaccounted for cigarette smoke or other exposures such as continued JP8 exposure after the end of the work-shift (possibly from their clothing). These half-life estimates decreased when the regression model was restricted to 1N and 2N measurements that decreased from post-shift to pre-shift the next day (13.6 h for 1N and 15.9 h for 2N). These lower estimates are likely more accurate since we were not able to control for all sources of exposure once the worker leaves the work area, and those subjects whose 1N or 2N levels increased from post-shift to pre-shift the next day were especially likely to have experienced exposures that could not be accounted for in the model (and thereby inflate the halflife estimates).
The influence of a priori exposure group and breathingzone naphthalene exposure from the previous day also suggests that there may have been an accumulation of the urinary biomarkers over the work week. An increase in pre-shift 1N levels over the three study days was found in the high and moderate exposure groups (significant for the moderate exposure group). There was no evidence of an accumulation of pre-shift 2N levels. The lack of a significant increase in pre-shift 1N in the high exposure group may be due to the fact that the study was conducted Wednesday through Friday (following a Monday holiday) for this group, whereas the study was conducted Monday through Wednesday in the other groups. The urinary biomarker levels within the high exposure group may have been lowest after having been away from exposure for the weekend, subsequently increased after the first day back at work, but by mid-week the accumulation may have tapered somewhat.
Strengths and Limitations
The collection of pre-and post-shift biomarker samples over three consecutive work-days allowed us to assess the accumulation of JP8 over several days' time, estimate the half-lives of 1N and 2N, and provide a comprehensive characterization of JP8 exposure that accounted for variability between and within workers, which to our knowledge has not been carried out in previous JP8 studies. The collection of personal air in addition to biomarker data allowed us to assess the relationship between the two measures. Our measurements of breathing-zone naphthalene exposure improve upon those in previous JP8 studies (e.g. Chao et al., 2006) , which were likely overestimated, as air monitors in our study were removed while tank entrants were wearing respirators (Smith et al., 2010) , and therefore the estimated association between breathing-zone napthalene and 1N and 2N is likely improved.
Genetic data were not collected and thus we were not able to consider differences in the metabolism of naphthalene based on genetic polymorphisms of enzymes, such as glutathione S-transferase M1 deficiency or the c1/c2 or c2/c2 type of cytochrome P450 2E1 (Yang et al., 1999; Nan et al., 2001) . Additional females and racial/ethnic minorities, which were not widely represented in this study, should be included in future studies owing to potential variations in the metabolism of naphthalene.
As reported previously (Smith et al., 2010) , few dermal samples were above detection limits, thus we were not able to utilize quantitative measures of dermal exposure as a predictor of the biomarker levels. Instead, we incorporated time in the fuel tank as a potential surrogate measure of dermal exposure. The estimated half-lives of 1N and 2N may be overestimated owing to unreported or under-reported cigarette use before and during the work-shift. Finally, urine and breathing-zone air samples were not collected on the same work days in all three exposure groups and were collected for 3 days instead of the full work-week, which may have limited our ability to assess accumulation of the urinary biomarkers over time.
In conclusion, urinary 1N and 2N levels increased over the work-shift and a priori assigned exposure group, as well as measured breathing-zone naphthalene levels, were significant predictors of post-shift 1N and 2N. These findings, suggesting that post-shift levels of urinary 1N and 2N reflect JP8 exposure during the work-shift, in combination with the ease of sample collection, make urinary 1N and 2N desirable biomarkers for future JP8 studies. The job-related predictors of post-shift 1N and 2N in the high exposure group emphasize the importance of reducing dermal exposure (in addition to inhalation exposure) through the use of personal protective equipment such as wearing gloves while working in an environment with JP8.
